Introduction
============

Hepatic ischemia/reperfusion injury (HI/RI) is a pathophysiological phenomenon observed in various clinical settings, such as liver operations, liver transplantation, hemorrhagic shock and trauma.[@b1-ijn-12-7613]--[@b5-ijn-12-7613] The mechanisms involved in HI/RI range from oxidative stress, energy depletion and the activation of deleterious inflammatory mediators to cellular death.[@b6-ijn-12-7613]--[@b9-ijn-12-7613] Bone morphogenetic protein (BMP) 2 is a member of BMP family which belongs to transforming growth factor-β (TGF-β) involved in embryogenesis and morphogenesis of several tissues and organs.[@b10-ijn-12-7613]--[@b14-ijn-12-7613] Conventional BMP-2 therapy alleviates ischemia/reperfusion (I/R) injury (heart, kidney).[@b15-ijn-12-7613],[@b16-ijn-12-7613] However, poor permeability, poor bioavailability and short half-life of BMP-2 restrict its use.[@b17-ijn-12-7613] To overcome these defects, many delivery systems such as liposomes, hydrogels, polymeric nanoparticles and polyion complex (PIC) micelles have been formed.[@b18-ijn-12-7613]--[@b34-ijn-12-7613] These delivery systems can not only heighten the bioavailability of BMP-2 but also prolong its half-life and enhance its anti-IR injury properties.

Among many protein delivery systems, PIC micelle has attained rapid development in the past decades. PIC micelle combines with oppositely charged protein by electrostatic interactions under mild conditions.[@b35-ijn-12-7613]--[@b38-ijn-12-7613] The loaded protein can avoid rapid degradation in vivo. Glycyrrhetinic acid (GA) has been affirmed to possess affluent receptors with high affinity on hepatocyte membrane.[@b39-ijn-12-7613] Many studies have shown that the target site of GA is expressed highly in hepatoma carcinoma cells than the nontumor hepatocytes, and GA can be combined with functionalized hepatoma carcinoma cell-targeting drug carrier, including PIC micelle, to enhance the anti-hepatoma carcinoma cell properties as a ligand.[@b40-ijn-12-7613],[@b41-ijn-12-7613]

In this paper, we report GA-poly(ethylene glycol) (PEG)-b-poly([l]{.smallcaps}-lysine) (PLL) as a potential BMP-2 carrier. The designed GA-PEG-b-PLL was composed of GA-PEG and PLL ([Scheme 1](#f9-ijn-12-7613){ref-type="fig"}). Under physiological conditions (pH 7.4), GA-PEG-b-PLL was combined with BMP-2 (isoelectric point =4.8--5.1) to form PIC micelles via electrostatic interactions between positively charged PLL and negatively charged BMP-2. In this study, the encapsulation of BMP-2 in the PIC micelles, the release of BMP-2 from the PIC micelles, as well as the anti-hepatic ischemia/reperfusion injury (anti-HI/RI; [Scheme 2](#f10-ijn-12-7613){ref-type="fig"}) effect of the PIC micelles were measured using PEG-b-PLL as control polymers.

Materials and methods
=====================

Materials
---------

GA was bought from Jinzhu Pharmaceutical Co., Ltd. (Nanjing, People's Republic of China). H~2~N-PEG-NH~2~ (molecular weight =5,000 Da) was purchased from Aladdin (Shanghai, People's Republic of China). BMP-2 was bought from Beijing Bailing Biological Science and Technology Co Ltd. L-02 cells were purchased from Shanghai Yansheng Industrial Co. Ltd. Other reagents were purchased from Sigma.

Methods
-------

### Synthesis of GA-PEG-NH~2~

GA-PEG-NH~2~ was synthesized by following previous literature.[@b39-ijn-12-7613] The detailed method is shown in the Supplementary material.

### Synthesis of PEG-b-PLL

PEG-b-PLL was synthesized by ring-opening polymerization of ε-benzyloxycarbonyl-[l]{.smallcaps}-lysine N-carboxyanhydride (ZLL-NCA) with PEG-NH~2~ as macroinitiator. A suitable quantity of PEG-NH~2~ in N,N-dimethylformamide (DMF) was mixed with ZLL-NCA/DMF fluid by vacuumization and N~2~ protection. The mixture was stirred at 30°C for 72 h and dialyzed for 72 h. The PEG-b-PLL polymeric compound was obtained via freeze drying. The degree of polymerization of PLL was 50, and the final product was characterized through ^1^H nuclear magnetic resonance (NMR).

### Synthesis of GA-PEG-b-PLL

GA-PEG-b-PLL was synthesized by ring-opening polymerization of ZLL-NCA with GA-PEG-NH~2~ as macroinitiator. A suitable quantity of GA-PEG-NH~2~ in DMF was mixed with ZLL-NCA/DMF fluid by vacuumization and N~2~ protection. The mixture was stirred at 30°C for 72 h and dialyzed for 72 h. The GA-PEG-b-PLL polymeric compound was obtained via freeze drying. The degree of polymerization of PLL was 50.

### Cytotoxicity assessment of PEG-b-PLL and GA-PEG-b-PLL

A detailed depiction of the assessment of cytotoxicity (L-02 cells were selected) of PEG-b-PLL and GA-PEG-b-PLL is provided in our previous work.[@b42-ijn-12-7613]

### Encapsulation of BMP-2 into PEG-b-PLL and GA-PEG-b-PLL

To evaluate the BMP-2-loading efficiency of PEG-b-PLL, 5 mg/mL BMP-2 in phosphate-buffered solution (PBS; pH 7.2, 0.01 mmol/L) was mixed with PEG-b-PLL in PBS, and then the resulting solution was placed into a dialysis bag (MWCO =7,000 Da) and dialyzed. The PEG-b-PLL-loaded BMP-2 was evaluated using ELISA kit and transmission electron microscopy (TEM). Encapsulation of BMP-2 into GA-PEG-b-PLL was performed using the loading method described above.

### BMP-2 release in vitro

Release of BMP-2 from PEG-b-PLL and GA-PEG-b-PLL was verified by dialysis method (MWCO =100,000 Da) at 37°C, with 5 mL of BMP-2-loaded PEG-b-PLL and GA-PEG-b-PLL against PBS. The BMP-2/PEG-b-PLL and BMP-2/GA-PEG-b-PLL complexes were prepared via encapsulation of BMP-2 with PEG-b-PLL and GA-PEG-b-PLL, respectively. After a specific time interval, a given volume of the release media was extracted and supplemented with an equal volume of fresh release media. The amount of BMP-2 released was measured by ELISA method.

### In vitro transfection

L-02 cells with DMEM containing 10% fetal bovine serum were cultured. Twenty-four hours before transfection, cells were inoculated in a 24-well culture plate (1×10^5^ per hole). When transfected cells reached 70% fusion, these were rinsed two times with PBS, and PEG-b-PLL/pEGFP and GA-PEG-b-PLL/pEGFP culture medium was added to each hole without serum. After culturing for 4 h in 5% CO~2~ under 37°C, the medium was removed, and cells were rinsed two times with PBS. Then, 1 mL of culture medium containing 10% fetal bovine serum was added, and the cells were cultured for 24 h. After 24 h, pEGFP expression was observed using an inverted fluorescence microscope.

### Assessment of blood BMP-2 concentration

Male SD rats (20--25 g) were administrated 4 μg/kg BMP-2 or BMP-2/PEG-b-PLL via abdominal subcutaneous injection. About 0.2 mL blood was extracted at a specified time interval and separated immediately via centrifugation (12,000× *g* for 15 min at 4°C). The concentration of BMP-2 and BMP-2/PEG-b-PLL in rat blood was evaluated using ELISA kit.

### Animal and surgical process of HI/RI

Male SD rats (20--25 g) were provided by Jiaxing University Medical College. All animal procedures were approved by the institutional ethics committee of the Jiaxing University Medical College. The investigation conformed to the Guide for Care and Use of Laboratory Animals published by the US National Institutes of Health (updated in 2011). In this study, 50 male SD rats were assigned to five groups (each group had 10 rats): 1) Sham group; 2) I/R group (rats were anesthetized with 1% pentobarbital sodium \[50 mg/kg\] via intraperitoneal injection; the abdomina were opened, and the left and median liver lobes were exposed and clamped for 30 min in order to cause 70% hepatic ischemia, followed by 12 h of reperfusion); 3) BMP-2 group (rats were administrated BMP-2 once a day \[4 μg/kg\] via abdominal subcutaneous injection for 3 days prior to I/R procedures); 4) BMP-2/PEG-b-PLL group (rats were administrated BMP-2/PEG-b-PLL only once \[4 μg/kg\] via abdominal subcutaneous injection for 3 days prior to I/R procedures); and 5) BMP-2/GA-PEG-b-PLL group (rats were administrated BMP-2/GA-PEG-b-PLL only once \[4 μg/kg\] via abdominal subcutaneous injection for 3 days prior to I/R procedures).

Blood was collected from the abdominal aorta and centrifuged at 3,600× *g* for 15 min to gain the sera. Livers of male SD rats were collected and stored at −80°C until further analysis.

### Histopathological assessment

Four-micrometer-thick sections of livers were cut and stained with hematoxylin and eosin. Each sample was blindly analyzed to measure the extent of liver damage based on the technique outlined by Yu et al.[@b43-ijn-12-7613] Briefly, 24 regions of the liver were graded for the degree of injury based on each of the following parameters: cytoplasmic discoloration, vacuolation formation, nuclear pyknosis, nuclear fragmentation, nuclear discoloration and red cell stasis. Specifically, one whole deep coronal section was evaluated under a microscope, and the extent of injury was graded based on the percentage of involvement of the liver. Higher scores represented more severe injury, with the maximum score being 4 (0, histopathological changes \<10%; 1, 10%--25%; 2, 25%--50%; 3, 50%--75%; and 4, 75%--100%). The mean score for each parameter was verified and subjected to statistical analysis.

### Liver function assessment

Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were assessed using the previously described methods.[@b43-ijn-12-7613] Blood was collected after reperfusion for 12 h and centrifuged at 3,600× *g* for 15 min to get the sera, following which AST and ALT activities were measured by a standard automatic biochemistry analyzer.

### Superoxide dismutase (SOD) activity and malonyldialdehyde (MDA) level assessment

Blood was collected after reperfusion for 12 h and centrifuged at 3,600× *g* for 15 min to gain the sera. SOD activity and MDA levels were measured using xanthine oxidase and thiobarbituric acid methods.[@b44-ijn-12-7613] The absorbances were measured at 550 and 532 nm, respectively. Lipid peroxide levels were expressed as "U" of SOD/mL and "nmol" of MDA/mL.

### Assessment of interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α) and macrophage inflammatory protein-2 (MIP-2) levels

IL-6, TNF-α and MIP-2 levels were estimated using the previously reported methods.[@b45-ijn-12-7613],[@b46-ijn-12-7613] Blood was collected after reperfusion for 12 h and centrifuged at 3,600× *g* for 15 min to gain the sera. IL-6, TNF-α and MIP-2 levels were measured using commercially available kits.

### Assessment of proliferation cell nuclear antigen (Ki-67) expression

Five-micrometer-thick sections of liver were acquired and mounted on PLL-coated slides.[@b47-ijn-12-7613] The sections were immersed in 0.3% H~2~O~2~ for 20 min and washed with PBS. These were then incubated in rabbit anti-Ki-67 polyclonal antiserum for 1 h. After primary incubation and three rinses in PBS, sections were incubated in biotinylated goat anti-rabbit IgG for 10 min. Following the incubation in substrate chromagen solution for 10 min, all sections were washed in PBS and distilled water, mounted in glycerol and evaluated under a microscope. Liver sections that stained positively for Ki-67 were evaluated and compared among groups.

### Western blot analysis

The methodology used had been described previously.[@b48-ijn-12-7613]--[@b50-ijn-12-7613] Briefly, liver tissues were homogenized in protein lysate buffer. The homogenate was resolved on polyacrylamide SDS gels and electrophoretically transferred to polyvinylidene difluoride membranes. The membranes were blocked with 3% BSA, incubated with primary antibodies against active Indian hedgehog (Ihh), sonic hedgehog (Shh), glioma-associated oncogene-1 (Gli-1) and subsequently with alkaline phosphatase-conjugated secondary antibodies. These were finally developed by adding 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium. Blots were stained with anti-β-actin antibody, and the levels of proteins were normalized with respect to β-actin and density.

### Statistical analyses

All experiments were preformed in triplicate unless otherwise noted. All data are expressed as mean ± standard deviation. Statistical analyses were carried out using ANOVA with post hoc testing, and data were analyzed using SPSS. A *p*-value \<0.01 denoted statistical significance.

Results
=======

Synthesis of GA-PEG-NH~2~
-------------------------

Synthesis of GA-PEG-NH~2~ is depicted in the Supplementary material.

Synthesis and characterization of PEG-b-PLL
-------------------------------------------

PEG-b-PLL consisted of PEG and PLL ([Figure 1](#f1-ijn-12-7613){ref-type="fig"}). In the current study, the molecular weight of PEG was 5,000 Da, and the degree of polymerization of PLL was 50. The procedure of its synthesis is depicted in [Figure 1](#f1-ijn-12-7613){ref-type="fig"}. The ^1^H NMR spectrum of PEG-b-PLL is presented in [Figure 2](#f2-ijn-12-7613){ref-type="fig"}, and number-average molecular weight values are given in [Table 1](#t1-ijn-12-7613){ref-type="table"}. The characteristic proton peak of both PEG and PLL was observed, corroborating that the synthesis proceeded in a controlled manner and was successful.

Synthesis and characterization of GA-PEG-b-PLL
----------------------------------------------

GA-PEG-b-PLL consisted of GA-PEG and PLL ([Figure 3](#f3-ijn-12-7613){ref-type="fig"}). In the current study, the molecular weight of PEG was 5,000 Da, and the degree of polymerization of PLL was 50. The procedure of its synthesis is depicted in [Figure 3](#f3-ijn-12-7613){ref-type="fig"}.

Cellular viability assessment
-----------------------------

Cellular toxicity due to PEG-b-PLL and GA-PEG-b-PLL in L-02 cells was assessed after 24-h culturing, and the result is described in [Figure 4B](#f4-ijn-12-7613){ref-type="fig"}. PEG-b-PLL and GA-PEG-b-PLL exerted low cellular toxicity even at a concentration as high as 300 μg/mL.

Encapsulating capacity of BMP-2 in PEG-b-PLL and GA-PEG-b-PLL
-------------------------------------------------------------

BMP-2 was found to be efficiently encapsulated in PEG-b-PLL at pH 7.4 due to electrostatic interactions. BMP-2 was added to PEG-b-PLL (mass ratio, 1:5) and dialyzed (MWCO =7,000 Da) against PBS. The dialysis of free BMP-2 as a control was also conducted at pH 7.4 in PBS. To evaluate the encapsulation efficiency of BMP-2 in PEG-b-PLL, the quantity of BMP-2 in the dialysate was measured using ELISA kit and deducted from the total quantity of added BMP-2. The encapsulation efficiency of BMP-2 was found to be 5.78%, expressed as the mass ratio of encapsulated BMP-2 to the polymeric compound ([Table 1](#t1-ijn-12-7613){ref-type="table"}). Loading capacity process of BMP-2 in GA-PEG-b-PLL was consistent with the loading capacity as above.

Characterization of BMP-2/PEG-b-PLL
-----------------------------------

BMP-2/PEG-b-PLL was assessed via TEM, and the image is shown in [Figure 4A](#f4-ijn-12-7613){ref-type="fig"}. BMP-2/PEG-b-PLL showed an orbicular structure, and the diameter was approximately 62 nm ([Table 1](#t1-ijn-12-7613){ref-type="table"}).

In vitro release of BMP-2 from PEG-b-PLL and GA-PEG-b-PLL
---------------------------------------------------------

The release of BMP-2 from PEG-b-PLL and GA-PEG-b-PLL was assessed using a dialysis method (MWCO =100,000 Da) at 37°C, with 5 mL of BMP-2-loaded PEG-b-PLL and GA-PEG-b-PLL. The cumulative release ratios of BMP-2 from BMP-2/PEG-b-PLL and BMP-2/GA-PEG-b-PLL are shown in [Figure 4D](#f4-ijn-12-7613){ref-type="fig"}. After 1 h, approximately 10.56% of the BMP-2 was released from BMP-2/PEG-b-PLL and BMP-2/GA-PEG-b-PLL, indicative of an initial burst release of BMP-2. Approximately 88.24% of the BMP-2 was released after 3 days.

In vitro transfection
---------------------

Using pEGFP as reporter gene, the transfection efficiency of PEG-b-PLL and GA-PEG-b-PLL in L-02 cells was assessed ([Figure 4C](#f4-ijn-12-7613){ref-type="fig"}). Under serum-free conditions, the transfection efficiency of PEG-b-PLL was the lowest, and the transfection efficiency of GA-PEG-b-PLL was the highest.

Plasma BMP-2 concentration
--------------------------

Pharmacodynamic research showed that, in rats treated with BMP-2 solution, plasma BMP-2 concentrations augmented fast, reaching the peak within 0.5 h (418.7 pg/mL), followed by a remarkable decline after 24 h (0 pg/mL; [Figure 4E](#f4-ijn-12-7613){ref-type="fig"}). In contrast, the concentration of the BMP-2/PEG-b-PLL complex gradually peaked within 2 h (176.5 pg/mL) and remained at a comparatively low level by 3 days (1.9 pg/mL on day 3; [Figure 4E](#f4-ijn-12-7613){ref-type="fig"}).

Histopathological assessment
----------------------------

Light microscopy image of liver section is shown in [Figure 5](#f5-ijn-12-7613){ref-type="fig"}. The hepatic lobule structure disorder, hepatic sinusoids and central vein had different degrees of blood stasis, and liver blood sinus narrowed or disappeared. Endothelial cells and hepatocytes generally showed edema and degeneration, neutrophil attachment and focal necrosis. Cytoplasmic discoloration, vacuole formation, nuclear pyknosis, nuclear fragmentation, nuclear discoloration and red cell stasis were observed in histological specimen from the I/R group ([Figure 5Ab](#f5-ijn-12-7613){ref-type="fig"}) but were absent in the Sham group ([Figure 5Aa](#f5-ijn-12-7613){ref-type="fig"}). Histological alteration was alleviated in specimens from the BMP-2- and BMP-2/PEG-b-PLL-treated groups ([Figure 5Ac and d](#f5-ijn-12-7613){ref-type="fig"}) compared to the I/R group. Histological alteration was significantly alleviated in specimens from the BMP-2/GA-PEG-b-PLL-treated groups ([Figure 5Ae](#f5-ijn-12-7613){ref-type="fig"}) compared to the I/R group. The corresponding quantitative analysis is shown in [Figure 5B](#f5-ijn-12-7613){ref-type="fig"}.

Estimation of ALT and AST levels
--------------------------------

Contents of ALT and AST were measured after reperfusion for 12 h ([Figure 6A](#f6-ijn-12-7613){ref-type="fig"}), and were higher in the I/R group than in the Sham group (*p*\<0.01; ALT: Sham group 342.51±68.91 U/L, I/R group 6,782.34±71.26 U/L; AST: Sham group 278.92±70.23 U/L, I/R group 9,125.61±89.88 U/L). Administration of BMP-2 decreased ALT (5,023.26±76.76 U/L) and AST (8,134.54±62.34 U/L) compared with ALT and AST in the I/R group (*p*\<0.01). Administration of BMP-2/PEG-b-PLL decreased ALT (4,321.57±69.87 U/L) and AST (6,753.29±91.32 U/L) compared with ALT and AST in the I/R group (*p*\<0.01). Administration of BMP-2/GA-PEG-b-PLL significantly decreased ALT (3,892.59±83.45 U/L) and AST (5,321.53±58.85 U/L) compared with ALT and AST in the I/R group (*p*\<0.01).

Estimation of SOD activity and MDA level
----------------------------------------

Activity of SOD was measured after reperfusion for 12 h ([Figure 6B](#f6-ijn-12-7613){ref-type="fig"}), and was lower in the I/R group than in the Sham group (*p*\<0.01; Sham group 115.67±6.64 U/mL, I/R group 43.69±5.49 U/mL). Administration of BMP-2 increased SOD (59.81±7.81 U/mL) compared with SOD in the I/R group (*p*\<0.01). Administration of BMP-2/PEG-b-PLL increased SOD (69.74±4.99 U/mL) compared with SOD in the I/R group (*p*\<0.01). Administration of BMP-2/GA-PEG-b-PLL significantly increased SOD (81.26±5.07 U/mL) compared with SOD in the I/R group (*p*\<0.01).

Content of MDA was measured after reperfusion for 12 h ([Figure 6C](#f6-ijn-12-7613){ref-type="fig"}), and was higher in the I/R group than in the Sham group (*p*\<0.01; Sham group 3.42±1.02 nmol/mL, I/R group 17.84±1.31 nmol/mL). Administration of BMP-2 decreased MDA (14.58±1.29 nmol/mL) compared with MDA in the I/R group (*p*\<0.01). Administration of BMP-2/PEG-b-PLL decreased MDA (11.38±0.82 nmol/mL) compared with MDA in the I/R group (*p*\<0.01). Administration of BMP-2/GA-PEG-b-PLL significantly decreased MDA (8.27±0.76 nmol/mL) compared with MDA in the I/R group (*p*\<0.01).

Estimation of IL-6, TNF-α and MIP-2 levels
------------------------------------------

Level of IL-6 was measured after reperfusion for 12 h ([Figure 6D](#f6-ijn-12-7613){ref-type="fig"}), and was higher in the I/R group than in the Sham group (*p*\<0.01; Sham group 223.29±4.53 μg/L, I/R group 715.24±5.03 μg/L). Administration of BMP-2 decreased IL-6 (612.45±8.92 μg/L) compared with IL-6 in the I/R group (*p*\<0.01). Administration of BMP-2/PEG-b-PLL decreased IL-6 (532.19±10.21 μg/L) compared with IL-6 in the I/R group (*p*\<0.01). Administration of BMP-2/GA-PEG-b-PLL significantly decreased IL-6 (303.76±8.93 μg/L) compared with IL-6 in the I/R group (*p*\<0.01).

Level of TNF-α was measured after reperfusion for 12 h ([Figure 6D](#f6-ijn-12-7613){ref-type="fig"}), and was higher in the I/R group than in the Sham group (*p*\<0.01; Sham group 21.69±2.41 μg/L, I/R group 103.46±6.73 μg/L). Administration of BMP-2 decreased TNF-α (81.28±8.25 μg/L) compared with TNF-α in the I/R group (*p*\<0.01). Administration of BMP-2/PEG-b-PLL decreased TNF-α (59.33±4.09 μg/L) compared with TNF-α in the I/R group (*p*\<0.01). Administration of BMP-2/GA-PEG-b-PLL significantly decreased TNF-α (42.11±5.11 μg/L) compared with TNF-α in the I/R group (*p*\<0.01).

Level of MIP-2 was measured after reperfusion for 12 h ([Figure 6D](#f6-ijn-12-7613){ref-type="fig"}), and was higher in the I/R group than in the Sham group (*p*\<0.01; Sham group 99.83±7.13 μg/L, I/R group 213.39±6.29 μg/L). Administration of BMP-2 decreased MIP-2 (187.24±5.17 μg/L) compared with MIP-2 in the I/R group (*p*\<0.01). Administration of BMP-2/PEG-b-PLL decreased MIP-2 (161.32±4.39 μg/L) compared with MIP-2 in the I/R group (*p*\<0.01). Administration of BMP-2/GA-PEG-b-PLL significantly decreased MIP-2 (129.82±5.52 μg/L) compared with MIP-2 in the I/R group (*p*\<0.01).

Estimation of Ki-67 expression
------------------------------

Expression of Ki-67 was measured after reperfusion for 12 h ([Figure 7](#f7-ijn-12-7613){ref-type="fig"}), and was higher in the I/R group than in the Sham group (*p*\<0.01). Administration of BMP-2 increased Ki-67 expression compared with Ki-67 expression in the I/R group (*p*\<0.01). Administration of BMP-2/PEG-b-PLL increased Ki-67 expression compared with Ki-67 expression in the I/R group (*p*\<0.01). Administration of BMP-2/GA-PEG-b-PLL significantly increased Ki-67 expression compared with Ki-67 expression in the I/R group (*p*\<0.01).

Estimation of Ihh, Shh and Gli-1 expressions
--------------------------------------------

Expression of Ihh, Shh and Gli-1 expressions was measured after reperfusion for 12 h ([Figure 8](#f8-ijn-12-7613){ref-type="fig"}), and was higher in the I/R group than in the Sham group (*p*\<0.01). Administration of BMP-2 increased Ihh, Shh and Gli-1 expressions compared with Ihh, Shh and Gli-1 expressions in the I/R group (*p*\<0.01). Administration of BMP-2/PEG-b-PLL increased Ihh, Shh and Gli-1 expressions compared with Ihh, Shh and Gli-1 expressions in the I/R group (*p*\<0.01). Administration of BMP-2/GA-PEG-b-PLL significantly increased Ihh, Shh and Gli-1 expressions compared with Ihh, Shh and Gli-1 expressions in the I/R group (*p*\<0.01).

Discussion
==========

Higher liver cell uptake, specific liver accumulation in vivo and speedy hepatocyte protein drug release had been difficult to achieve while using PIC micelle as anti-HI/RI protein drug carrier in rats. To design a delivery system with active targeting and efficient stimuli-responsiveness has been promising.[@b40-ijn-12-7613] BMP-2 is a member of the TGF-β superfamily of proteins and involved in abundant biological actions.[@b15-ijn-12-7613] However, its poor bioavailability by fast clearance, poor permeability and short half-life limit its applications.[@b17-ijn-12-7613] Therefore, to design a delivery system for BMP-2 for HI/RI treatment is of great interest. In the present study, BMP-2 was loaded in PEG-b-PLL and GA-PEG-b-PLL via electrostatic interactions, and a spherical structure was formed ([Figure 4A](#f4-ijn-12-7613){ref-type="fig"}). The size of the BMP-2/PEG-b-PLL PIC micelle was approximately 62 nm, and the encapsulating capacity was 5.78% ([Table 1](#t1-ijn-12-7613){ref-type="table"}).

In rats, a number of anti-HI/RI drugs could not achieve ideal therapeutic result due to fast clearance, poor permeability and short half-life, resulting in drug degradation and poor therapeutic activity.[@b17-ijn-12-7613],[@b51-ijn-12-7613] Thus, in order to improve the biological activity and utilization rate of drugs, in this study, GA was attached on the surface of PEG-b-PLL PIC micelle as the liver-targeting ligand to accumulate drug in hepatocytes. Previous researches have shown that GA could be identified via GA receptor on hepatocyte membranes to impel drug uptake and higher accumulation in hepatic cells.[@b51-ijn-12-7613],[@b52-ijn-12-7613] According to the in vitro transfection results in hepatic cells ([Figure 4C](#f4-ijn-12-7613){ref-type="fig"}), more fluorescence was exhibited by L-02 cells after incubation with GA-PEG-b-PLL PIC micelles. It was identified that the GA-PEG-b-PLL PIC micelle had a high affinity to L-02 cells than PEG-b-PLL PIC micelle did. High fluorescence of GA-PEG-b-PLL PIC micelle in L-02 cells also showed that GA would benefit the hepatic cells delivery, leading to encapsulation of higher concentration of drug in GA-PEG-b-PLL PIC micelle.

To improve and maintain anti-HI/RI actions after loading has been the prerequisite for developing drug delivery systems. Both the increase in liver cell uptake and sustained drug release offer a synergistic effect on anti-HI/RI. The cytotoxicity assessment ([Figure 4B](#f4-ijn-12-7613){ref-type="fig"}) of PEG-b-PLL and GA-PEG-b-PLL against L-02 cells showed that the micelles exerted low cell toxicity.

HI/RI is a very complex process involving the production of oxygen free radicals, calcium overload, neutrophil infiltration, apoptosis, vascular endothelial damage and other pathophysiological processes, including many inflammatory mediators and immune factors. Previous studies have shown that TNF-α, IL-6 and MIP-2 inflammatory cytokines and oxidative stress injury significantly increased HI/RI.[@b46-ijn-12-7613],[@b53-ijn-12-7613] Some studies have affirmed that BMP-2 reduced TNF-α, IL-6 and oxidative stress injury in I/R injury.[@b15-ijn-12-7613],[@b16-ijn-12-7613] In this study, BMP-2, BMP-2/PEG-b-PLL and BMP-2/GA-PEG-b-PLL decreased TNF-α, IL-6 and MIP-2 inflammatory cytokines and oxidative stress injury in HI/RI ([Figure 6B--D](#f6-ijn-12-7613){ref-type="fig"}). Hedgehog (Hh) signaling pathway is a cellular communication playing an important role in animal development and regulates the renewal and proliferation of many adult tissues, organs and stem cells, and maintains morphology and function of normal tissues and organs.[@b54-ijn-12-7613] During tissue and organ damage, Hh signaling pathway is activated to promote differentiation and proliferation of tissues and stem cells to repair injury.[@b55-ijn-12-7613] Many documents have testified that expressions of Ki-67, Ihh, Shh and Gli-1 from Hh signaling pathway increase to promote liver regeneration in HI/RI and liver injury.[@b54-ijn-12-7613],[@b56-ijn-12-7613] In this current study, BMP-2, BMP-2/PEG-b-PLL and BMP-2/GA-PEG-b-PLL further increased expressions of Ki-67, Ihh, Shh and Gli-1 to enhance liver regeneration in HI/RI ([Figures 7](#f7-ijn-12-7613){ref-type="fig"} and [8](#f8-ijn-12-7613){ref-type="fig"}). These results showed that GA-PEG-b-PLL as BMP-2 delivery system could exhibit stable drug release and significant anti-HI/RI effects via liver targeting.

Conclusion
==========

This was the first study to synthesize GA-PEG-b-PLL which can significantly improve the bioactivity and short half-life of BMP-2, and enhance liver targeting. In addition, it demonstrated that BMP-2, BMP-2/PEG-b-PLL and BMP-2/GA-PEG-b-PLL preconditioning was capable of attenuating HI/RI, and BMP-2/GA-PEG-b-PLL preconditioning significantly reduced HI/RI through downregulating inflammatory factors, decreasing oxidative stress injury and modulating Hh signaling.

Supplementary material
======================

Synthesis of GA-PEG-NH~2~
-------------------------

Glycyrrhetinic acid (GA) was dissolved in dichloromethane, and then dicyclohexylcarbodiimide and N-hydroxysuccinimide (NHS) were added. The mixed solution was stirred for 8 h under N~2~ protection, and N,N′-dicyclohexylurea was removed forming GA-NHS. The obtained GA-NHS and NH~2~-poly(ethylene glycol) (PEG)-NH~2~ were mixed in dichloromethane, and the mixture was stirred under N~2~ protection for 24 h. The GA-PEG-NH~2~ was finally obtained ([Figure S1](#SD1-ijn-12-7613){ref-type="supplementary-material"}).

###### 

Synthesis of GA-PEG-NH~2~.

**Abbreviations:** DCC, dicyclohexylcarbodiimide; GA, glycyrrhetinic acid; NHS, N-hydroxysuccinimide; PEG, poly(ethylene glycol).
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![Synthesis of PEG-b-PLL.\
**Abbreviations:** PEG, poly(ethylene glycol); PLL, poly([l]{.smallcaps}-lysine); DMF, N,N-dimethylformamide; PZLL, poly(ε-benzyoxycarbonyl-[l]{.smallcaps}-lysine).](ijn-12-7613Fig1){#f1-ijn-12-7613}

![^1^H NMR spectra of PEG-b-PLL.\
**Abbreviations:** ^1^H NMR, ^1^H nuclear magnetic resonance; PEG, poly(ethylene glycol); PLL, poly([l]{.smallcaps}-lysine).](ijn-12-7613Fig2){#f2-ijn-12-7613}

![Synthesis of GA-PEG-b-PLL.\
**Abbreviations:** DMF, N,N-dimethylformamide; GA, glycyrrhetinic acid; PEG, poly(ethylene glycol); PLL, poly([l]{.smallcaps}-lysine); PZLL, poly(ε-benzyoxycarbonyl-[l]{.smallcaps}-lysine).](ijn-12-7613Fig3){#f3-ijn-12-7613}

![Characterization of PEG-b-PLL, GA-PEG-b-PLL and BMP-2/PEG-b-PLL.\
**Notes:** (**A**) TEM image of BMP-2/PEG-b-PLL. (**B**) Cellular viability of L-02 cells cultured with different concentrations of PEG-b-PLL and GA-PEG-b-PLL. (**C**) In vitro transfection of PEG-b-PLL (a) and GA-PEG-b-PLL (b). (**D**) Cumulative release profile of free BMP-2 and BMP-2 from BMP-2/PEG-b-PLL. (**E**) Blood concentration of free BMP-2 and BMP-2 from BMP-2/PEG-b-PLL.\
**Abbreviations:** BMP-2, bone morphogenetic protein-2; GA, glycyrrhetinic acid; PEG, polyethylene glycol; PLL, poly([l]{.smallcaps}-lysine); TEM, transmission electron microscopy.](ijn-12-7613Fig4){#f4-ijn-12-7613}

![Histopathological assessment of liver damage.\
**Notes:** (**A**) Light microscope images (×100) obtained from (a) Sham group, (b) I/R group, (c) BMP-2 group, (d) BMP-2/PEG-b-PLL group and (e) BMP-2/GA-PEG-b-PLL group. (**B**) Quantitative injury scores, expressed as the mean ± SD. A significant increase relative to the Sham group is denoted by \* (*p*\<0.01), a significant decrease relative to the I/R group is denoted by \*\* (*p*\<0.01) and a significant decrease relative to the I/R group is denoted by \*\*\* (*p*\<0.01).\
**Abbreviations:** BMP-2, bone morphogenetic protein-2; GA, glycyrrhetinic acid; I/R, ischemia/reperfusion; PEG, poly(ethylene glycol); PLL, poly([l]{.smallcaps}-lysine); SD, standard deviation.](ijn-12-7613Fig5){#f5-ijn-12-7613}

![The activities of ALT, AST and SOD and the levels of MDA, IL-6, TNF-α and MIP-2 in HI/RI in different groups of rats.\
**Notes:** The blood of rats in Sham, I/R, BMP-2, BMP-2/PEG-b-PLL and BMP-2/GA-PEG-b-PLL groups was collected 12 h after reperfusion, and the activities of ALT, AST and SOD and the levels of MDA, IL-6, TNF-α and MIP-2 were measured. Results are expressed as mean ± SD. (**A**) A significant increase from Sham group is denoted by \* (*p*\<0.01), a significant decrease from I/R group is denoted by \*\* (*p*\<0.01) and a significant decrease from I/R group is denoted by \*\*\* (*p*\<0.01). (**B**) A significant decrease from Sham group is denoted by \* (*p*\<0.01), a significant increase from I/R group is denoted by \*\* (*p*\<0.01) and a significant increase from I/R group is denoted by \*\*\* (*p*\<0.01). (**C**) A significant increase from Sham group is denoted by \* (*p*\<0.01), a significant decrease from I/R group is denoted by \*\* (*p*\<0.01) and a significant decrease from I/R group is denoted by \*\*\* (*p*\<0.01). (**D**) A significant increase from Sham group is denoted by \* (*p*\<0.01), a significant decrease from I/R group is denoted by \*\* (*p*\<0.01) and a significant decrease from I/R group is denoted by \*\*\* (*p*\<0.01).\
**Abbreviations:** ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMP-2, bone morphogenetic protein-2; GA, glycyrrhetinic acid; HI/RI, hepatic ischemia/reperfusion injury; IL-6, interleukin-6; I/R, ischemia/reperfusion; MDA, malonyldialdehyde; MIP-2, macrophage inflammatory protein-2; PEG, poly(ethylene glycol); PLL, poly([l]{.smallcaps}-lysine); SD, standard deviation SOD, superoxide dismutase; TNF-α, tumor necrosis factor-α.](ijn-12-7613Fig6){#f6-ijn-12-7613}

![Expression of Ki-67 in HI/RI in different groups of rats.\
**Notes:** (**A**) Ki-67 expression in (a) Sham group, (b) I/R group, (c) BMP-2 group, (d) BMP-2/PEG-b-PLL group and (e) BMP-2/GA-PEG-b-PLL group. (**B**) Quantitative Ki-67 expression, expressed as the mean ± SD. A significant increase relative to the Sham group is denoted by \* (*p*\<0.01), a significant increase relative to the I/R group is denoted by \*\* (*p*\<0.01) and a significant increase relative to the I/R group is denoted by \*\*\* (*p*\<0.01).\
**Abbreviations:** BMP-2, bone morphogenetic protein-2; GA, glycyrrhetinic acid; HI/RI, hepatic ischemia/reperfusion injury; I/R, ischemia/reperfusion; Ki-67, proliferation cell nuclear antigen; PEG, poly(ethylene glycol); PLL, poly([l]{.smallcaps}-lysine); SD, standard deviation.](ijn-12-7613Fig7){#f7-ijn-12-7613}

![The qualitative expression and quantitative analyses of (**A**) Ihh, (**B**) Shh and (**C**) Gli-1 in HI/RI in different groups of rats.\
**Notes:** The liver tissues of rats in Sham, I/R, BMP-2, BMP-2/PEG-b-PLL and BMP-2/GA-PEG-b-PLL groups were collected 12 h after reperfusion, and the expressions of Ihh, Shh and Gli-1 were measured. Results are expressed as mean ± SD. (**A**) A significant increase from Sham group is denoted by \* (*p*\<0.01), a significant increase from I/R group is denoted by \*\* (*p*\<0.01) and a significant increase from I/R group is denoted by \*\*\* (*p*\<0.01). (**B**) A significant increase from Sham group is denoted by \* (*p*\<0.01), a significant increase from I/R group is denoted by \*\* (*p*\<0.01), and a significant increase from I/R group is denoted by \*\*\* (*p*\<0.01). (**C**) A significant increase from Sham group is denoted by \* (*p*\<0.01), a significant increase from I/R group is denoted by \*\* (*p*\<0.01) and a significant increase from I/R group is denoted by \*\*\* (*p*\<0.01).\
**Abbreviations:** BMP-2, bone morphogenetic protein-2; Gli-1, glioma-associated oncogene-1; GA, glycyrrhetinic acid; HI/RI, hepatic ischemia/reperfusion injury; Ihh, Indian hedgehog; I/R, ischemia/reperfusion; PEG, poly(ethylene glycol); PLL, poly([l]{.smallcaps}-lysine); Shh, sonic hedgehog; SD, standard deviation.](ijn-12-7613Fig8){#f8-ijn-12-7613}

![The structure of BMP-2/GA-PEG-b-PLL.\
**Abbreviations:** BMP-2, bone morphogenetic protein-2; GA, glycyrrhetinic acid; PEG, poly(ethylene glycol); PLL, poly([l]{.smallcaps}-lysine).](ijn-12-7613Fig9){#f9-ijn-12-7613}

![The effect of BMP-2/GA-PEG-b-PLL on HI/RI.\
**Abbreviations:** BMP-2, bone morphogenetic protein-2; GA, glycyrrhetinic acid; PEG, poly(ethylene glycol); PLL, poly([l]{.smallcaps}-lysine); HI/RI, hepatic ischemia/reperfusion injury; I/R, ischemia/reperfusion.](ijn-12-7613Fig10){#f10-ijn-12-7613}

###### 

Molecular weights, TEM and BMP-2-loading capacity of PEG-b-PLL

  Sample            M~n~ (kDa)/^1^H NMR   TEM (nm)   Loading capacity (%)
  ----------------- --------------------- ---------- ----------------------
  PEG-b-PLL         17.3                  NA         NA
  BMP-2/PEG-b-PLL   NA                    62         5.78

**Abbreviations:** BMP-2, bone morphogenetic protein-2; ^1^H NMR, ^1^H nuclear magnetic resonance; M~n~, number-average molecular weight; NA, not applicable; PEG, polyethylene glycol; PLL, poly([l]{.smallcaps}-lysine); TEM, transmission electron microscopy.
